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q’wo 8 bit successive approximation analog-to-digital converkr  (A IX) de.si~ns ancl a 12 bit current mode incremental sigma
delta (X-A) AIX have been dcsip,ned, fabricated, and tested. “1’lIc soccessivc  approximation test chip designs are compatible
with ac.tivc pixel sensor (A1’S) column parallel architectures with a 20.4 pm pitch in a 1.2 }Lm n-well CMOS process awl a 40
IIm  pitch  in a 2 pTu n-well CMOS process. 31]c socccssivc  approximation desip,ns consume as Iit[lc as 49 ILW at a 500 K} Iz
conversion rate meeting the low power reqaircmenls inherent in column paral]cl a[chitcctur-es. l’hc cur(cnt  mode incrcrncnta[
>;-A A] )~ test chip is dcsi~lled to [Je lllllltip]c~cd an)on~ s COI(IIIIIIS  in a scn]i.co]~ln)n  Par’al!e]  Cl!rrcnt  mode AIIS architecture..-, .
‘1’hc bi:,hc]  accuracy A1)C consomcs S00 /LW at a 5 Kt Iz convet  sion t-ate,

1. IN’1’RO1)UCJ’JON

A kcy advantap,e  to CMOS imag,c  sensors is tbc ability to intcp,i ate readoot electronics on the same focal plane as the sensor
as shown in fip, urc 1. ‘1’hroop,h the use of standard CMOS technology there is available a wide variety of approaches to
analog to dip, ital conversion “?, Sensor chip ar-c.hitectores p]acillp, analop, to dip,ital convet-ters  (AIX) in each column offer
pal-:illcl conversion of an cntirw row of pixel data. This pal-a llclism rccjuces  the t-cc[uircmcnt  for high speed AIXS (fi:,are  1).
I’01 examp]e, the n~inimom conversion speed of an AIX in cacti colomn of a 1024 x 1024 ima:,e sensor operating at a 301 l?
flramc rate is approximately 33 K} Iz.. Ovct-head for transfer riri~, off-chip the rcsoltant di~,ital iinage data can increase this
speed requirement but can be overcome osin!, either pipclinui data tr:insfcr  ciurinp, tile conversion or a hi:,il  bandwidth digital
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atrlli[mtutz  for focal plane A/l) cmwrsim (1,5 psec row acces.v tittw a.v.sl[mm).

A clcsig,n tradeoff in placin: an AIX per column is ti~c iow powcl  requirement and increased physical size rcsoitinp, from the
smaii column pitch (i O to 40 pm cicpcndinp, on ti~c process tcci~nology). A Sma]i pitch can also ]caci to colomn to co]umn
valiatioos  in AIX response because of poor device matchinp. ‘IO nlinilnim tilese problems a comptomisc  is possibic,  for
example, by moltiplcxin~,  a single AIX Jm S coiomns.
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Ikcausc  both voltage mock and current mock active pixel senso(s  arc ascd, there is a need for both voltage and cumnt mode
AIXk. ‘1’he two successive approximation AIXS presented below operate  itl vohagc moclc and the sigma-delta AJ)C
operates in a currmt mode. “1’hc successive approxirnatior] dcsip,ns physically fit into a per column architecture ar~d the
sigma-delta fits onto an 8 column pitch where its opcratior} is multiplexed.

‘1’hc dcsig:n  ancl test resulIs for each AI)C are prescntccl  below. Section 2 describes the operation and test results of a
successive approximation AIX approach using switched capacitor op amp integrators. Section 3 presents a successive
approximation AI)C based on charge redistribution cm a ncttvmk of binary scaled capacitors. Scctirm 4 describes the
opct-aticrn ancl test results of t}le carrent mode sigrna-cklta  AIX. Section S contains a summary of the three desig,n
charactmistics.

2. S\VII’CI I[;I)-CAI’AC:II’{  )1{ SU{:CILSSIVK  A1’l]ROXIMA’I’lON AI)C

‘1’hc successive approximation approach to analog-to-di~,ital  conversion is essentially a “r:inging” alp,orithm. The new feature
in the suce.cssivc approximation AIEs presented below is the double sided approach to conversion. The AIX atknlpts  to
add successive binary fractions of a reference voltage to either the pixel sigrtal  or met level uniil  they are equal. in this way
if a comparison result is false, the AI X saves a step by not haviag  to remove the previously adde(i rcfcrmce  fraction from
the sigy]al. I’he AIX was dcsig,necl  for an AI’S sensor with a readout scheme where the pixel reset voltage is greater tharr the
pixel si?,tlal level as in [3]. ‘J’hc voltage levels at each step “i” irl t}~c conversion arc showr~ in figure ? and are described by:

IL’set

J ‘siy)al

2. I l)rsign and opcra(ion

“Il)e first  clesi~n  approach uses two switched-capacitor intep,ra[ors  to pcrforrn the saccessivc approximation analclg tcl digital
conversion. “1’his successive approximation method attempts to fincl the cligit~l repr-cserltation  of the pixel sig,nal relative to
the pixel reset level. It does this conversion by successively adclinp, binary scaled fractions of a refercncc voltap,e to either
the rreadout pixel sigilal  volta~,c  or pixel reset voltap,e ur~til tile two values  alc equal to within the clcsircd  accliracy  or onc
least sig,nifrcant bit (1 ,S11).

The sclirmatic  of the AIX is shown irl figure 3. I’hc  AIX has two inputs for pixel signal and reset ICVCIS (VS al~d VI<).
‘1’hmc is also an input for the AIX voltap,e refcrencc  ranp,c. All input volt:ip,es are rcfmmccd  to V-I . ‘1’hc top op amp
intep,rator stores the pixel sig,nal level and the bottom op arr~p intcgtator  stores the met level. Iloth  integrators arc inputs to a
comparator. I)urins the d+-)~  interval the pixel signal level, reset lCVCI, anti AIX rcfcrcnce arc sampled or~to the 2,5 p};
ca})acitors C] and (?. “1’he top ancl bottom integrators are reset to V-I dur itl~ d+ anti d)~, respectively. ‘1’he signal ICVC1, VS-
V-1, is seat to the, top integrator input daring, the @s/d)[s interval. With a 5 pl’ op amp feedback capacilor, the integrator gain
is -]. “1’bus, the value V-I - VS is addeci to integrator ou{put voltage. ‘1’hc reset level, V-1 -VR,  is similarly adclccl  to the botlom
intcg,rator output clur-ir~g the OR/CI~lR interval. ‘1’bc rcfcrmce  level (Vrcf-V-l  ) is stored on Cl ancl C? clurir~?, dJRf.l.

Aflcr the ir~Jmts arc read into the AIX, d)o~ turns off arid the frrst comparison is perfornned to deterlnine the sign bit
(typically O for the irna~je sensor). ‘lhc comparator is activated when the S“l’1{11* si:,nal p,ocs low. Otherwise both comparator
oatjmts are O. Iftbc sip,nal side is greater thar) the reset side, the comparator ot]tput into the shif~ register is a O. In this case,



the feedback from the comparator ootput sets the switches on the front end to steer the rcferencc  orl C2 to the integrator on
the rcse( side holding the lower  ootput voltage. Because C 1 is cutof~ from C2 during this time, the gairl of the integrator is
-0,5 (= 2. Spl’/5plJ).  ‘1’bus,  (V+ -Vrcf,)/2 is added to the integrator output. I’or correct operation V+ > Vrcf so that the voltage
is iamased  on integrator wi[h  the lower output voltage.

I)uriag  the second comparison, the MSII  is ctetcrminecl and stoted  it) the shift reg,ister, I{cforc  this comparison is pcrf{mncd,
the feedback path from the comparator is shot off discorlaectiag  the inputs to the integrator. IMring the comparison half the
charge  cm C 1 is transferred to C2. The resoltinp,  voltage across on C2 is (Vref-V-+ )/2, Subsequently, C 1 is cutoff from C2,
the comparison is made, and (V-t -Vrcf)/4  is transferred to tllc output of the integrator with the lower output voltap,c (reset
sicie if the orip,inal pixel sig,nal is more than 1 MSR larger than the met level, otherwise to the signal side).
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‘1’hc binary scaled ftacticm of the refercacc  voltage is always addecj to the integrator with the lo}vcr vc)ltag,e stored on it, ‘1’hc
intcg,ration and comparison steps rim performed until  the desired number of bits is achieved. A shif( rc~,ister  pet colLImn

stores the comparator output for rcac]out ofthc dip,ital worct at the etld of the conversion.

OJlc of the key components in this design is the switched Caimcitor  itltegr’ator. ‘1’o achieve at least 8 bit resolution, an 13p amp

with a ~,ain of 60 c!I] (1,000) is required’. ‘1’he op amp used ia this cicsi,gn is a sinp,le stage folc/d cascc)cic,]]p  amp.,.‘\ ~\
2.2 ‘1’est results
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‘1’be AI X was eharacteriz.ed  using,  a 1 V ramp to d(-ivc the iliput  frort~ a computer  controlled clata g,er~crator-/acqu isition board.
‘1’hc analc):, input was incrclnentccl  ill lmV steps ancl  SOO Al X: OU(pLlt  sa!lip]es  at each step were accIuirecl. AI)C oul.put Was
passed throu?,b a dig,ital-to-analog,  converter (I)AC). ‘1’hc analog output of tile AI XYI)AC  was conr~cctecl  to the COIl)pLltCr

acquisition hcmrct where it was measured. ‘1’hc I)AC has an c) ffsct volta~,e of OV at~cl  a -1 V reference.
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~’hc AI)(; was charactcrizccl at different speeds ancl power ]CVCIS. llccausc of the application of this AI)(: to the column
parallel archi(ecturc of a CMOS imag,c  sensor, the maximum power dissipation dcsirabk  from the AI)C is approximately 150
to 2.00 pW. At these power Icvels, the AIXS in a 1 K x I K itnag,c sensor consamc 150 to 200 m W.

lot a power dissipation of 175 ILW and 8 bit resolution, the maximum conversion rate is 50 K} lz. or 20 pscconds/conversion.
l’he n~aximmn  I K x 1 K sensor frame rate for this conversion speed is approximately 451 Iz.. Integral non- linearity (INI .),
diffcl-ca[ial  non-] ineari(y (l}NI ), and AIX noise  were mcasorcd (’1’able 2). The A1)C noise is dcterminccl  from the worst
case standard deviation calculated from the 500 samples taken at each inpt]t step. llascd on the non-lincatitcs,  the eft_ectivc
AIX accuracy is 5 bits. ‘l’he ADC  operating at a 10 KI Iz conversion rate worked at a minimum power of 27 p\V. Its
effective accuracy is also 5 bits. ‘1’hc transfer curve for the AJX operating unclcr  best case conditions at 10 K} lz. and 134 I(W
power level is shown in figure 4.

Stand alone op amps on the test chip were char:ictcrized  at varioos power lCVCIS, “1’hc op amp bar! a gain of 74 dl] and
consumed 70 pW. At a low power dissipation lCVC1 of 20 }(W, the op amp had a gain of 80 dll. 1 lowcvcr,  at the low bias
current levels, the op amp slew rate limited the AIX speed

3. ]I]NARY SCAI,KI)  CA PAC1’1’OR  SLJCC:KSSIVI  A1’1’ROXIMA’I’JON  AI)C

‘1’his approach to AIX dcsip,n uscs a cloal networks of binary scaled capacitors to sample pixel sig,nal  and reset voltages.
‘1 hese capacitor networks arc conncctccl  to the input of a conlplrator.  After clamping these levels on the top plate of the
capacitors, the bottom plates are successively conncctcd to the Al )C reference voltage. ‘1’he voltasc  incrcasc on the top plate
is pl-oportional  to the relative si~e of the capacitor to the total capacitance of the network. The comparator output determines
which sicic sccs an increase in the top voltage similarly to the switched capacitor integrator aJ~proach. ‘1’his nlcthocl of using
binary scaled capacitors to perform analog to digital convcrsiotl is similar to [4), ‘l’his AIIC oses the sanle ncw feature as the
switched capacilor clcsign prcscntcd  in t}lc previous scctio[l where a double sicled approach is uscci to increase converter
Spcccl.

3.] ])csign and operation
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‘1’he  block clia~ram  of the dual sicled binary scaled capaci(or successive approximation AI)C is shown in fig,ure 5. ltach of. .
the lalchcs (11S//9-111{//0) contains a switch either to grouncl or to the Al )C voltage rcfcrcncc as sholvrl in figure 6. If the
enable to the latch llS#/n on the sig,nal side is active arid the colnparator  outpot is hi~ll (reset input > sip,tial  inJJat  at the
comparator), the bot[om plate of the capacitot-  is switched from O to Vrefcrence. If the same enable to the latch lll<#n  on the
r-csct side is active and the comparator output is low (sig,rlal inpu( > reset input at the comparator), the bottom plate of the
capacitor is switched from O to Vrcferencc. ‘1’hc latch ccmncctcd tc) the largest capacitor C contains the si~,n bit. When the
sip,n bit is 1, the voltap,e on the sip,nal  side increases by Vref x (C/Ctotzil)  where:

CIOI*[  ‘ C + 02-1 c/d -1 C/8 -1 (:/]6 -1 (:/32 -1 C/64 -t C/12.8 + 0256-1  0512 ‘ 1.998(:.



“1’bus, the operation is similar to the integrator approach where Vrcf/2  is added to the sig,nal side after the first  comparison if
the signal is greater than the reset level. “l”hc value oflhc lar~,cst capacitor used is 4 p};.

‘1’hc latches on the signal side contain the final  binary WOKI at the
cnd of the conversion. Rccausc  the charge redistribution 011 the

top plates is relatively fast compal-ed  to the charge transfer itl the
switched capacitor integrator approach, the AIX convcrsioa  rate
is highm. Also, it consumes less power and is less sensitive ICI
process non-uniformities because no op amps arc required.
1 lowever, placing a total of 16 p}: of capacitance pcr coluII)n

consumes a large amount of silicon area.

Also included in the AIX are 5 capacitor bit cells for storing the
comparator offset. I’his  offset is calculated at the end of each
c o n v e r s i o n  b y  enab]ing,  the ~11  s w i t c h . When this switch is
rmablccl  both inputs to the comparator are set equal so that Ihc
offset can be measured and stored for off chip correction.

3.2 ‘1’cst  Icsults
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‘1’hc AIX was characterized in a similar manner as the op amp intcp,rator successive approximation AIX. A 1.2V input ramp
with 256 steps was used to drive the AIX inJmt. Noise n~easurcmcrlts  were based on 200 samples at each step.

The transfer cilrvc  and the differential non-linearity plot of the AI)(1 at a 500 KI IZ conversic)n  rate is shown in fig,urc 7. ‘1’hc
effective accuracy of the AIX at a 500 Kllz rate is 5 bits (’1’ab]c 2). The AIX operated as hi~l~ as 833 K}l~ with the same
accuracy except for 4 input Icvcls that generated Iarg,e I)N 1, an(i IN1, crtors. “1’he AIY2 consumcci  49 pW at the 500 Kllz
spcc.d.  ‘1’hc power dissipation is prinlarily f[onl  the comparator and CV2fcon~ponct~t  in charp, ins the capacitor nct~vork

‘1’hc maximum frame rate for a IK x IK sensor using this 500Kflz A[X conwrsion rate is ?’79 }Iz. The f r a m e  r a t e  w i l l  be
Icss dcpcncling on tbc banciwidth  and tirnin~, of tlrc sensor’s dig,ital output port

4. CUl<RltN’I’ MOIJ1t  SltC:ONI)  ORl)J~,R  lN{:I{ltM  I~,N’1’Al,  SIGMA I) F: I;I’A AI)(:

Ovcrsanlpling  rncthocis  for AIX dcsip,n are attractive bccausc they avoid rr~ariy of t}]e difficulties with conventional rnethocis
fot- A/l) and IYA conversion, Convcmtional  converters rcquit-c  high precision analog circuits. On the other hand
ovcrsatupling convmlers, can use simple ancl relatively Imv precision analog, components. ‘1’his current-mode approach uses
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no M(XS op-amps or linear capacitors. I’he mairr btti]ding, block is a cur~ent topic.r cell. ‘1’hoogh  they rcqoire fast and
complex ciig, ital signal proccssir]g stages, their robustness is soitccl for fast growing Vl ,S1 technology.
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A first-order X-A AIX reqLlires  2r~ cycles to perform a n-bit A/l) conversion. The accLlmLllator  ancl compar~itor ootpol Icvcls )
are shown in fl~,urc 8. ‘1’ypicaily the comparator ootput is used to incrcrneat a cour~tcr that at tllc cr-lcl of the cor]version ,~
contairls the digital nurnbcr rcprcscntation  of the analoq, input. (&~vcrsior~ s~ccd  can by simificantly  incrcase~ by cascadirlg,  /’
two first order stages, resulting in an increrner]ta[ X-A AIX topology. “Me architcctorc of the curr’cnt-rnodc  scconci-order

— -

ir~crcrncr~tai X-A modtllator  is based on tbc or~c reported in [5].

4.1 Iksig[l ovcrwirw

l;i.gore  9 si~ows a block diagram of the cLlrrent-moclc
scconci-orcicr  incrcmentat X-A mociLtlalor. “1’bc three
main building  blocks arc the Curlent in tegrator ,
curlct]t  comparator, ar]d ti]c digital to ariaiog currcrlt
convcrlcr.  ‘1’i~crc arc two ioops, connected irt cascacic.
OLltpUt of tile comparator, “a” for the first comparator
anti “b” for the second or~c, bccomcs  “ 1” if the ootput
of ti~c irltcgrato[-, 1, is greater than the reference
cuwcr~t lrcf. (Xbcrwisc  it is “O”. A lYA convcrlcr  in

t h e  fCCdbaCk  ]OOp  Ollti>ll(S  -]r cf if tilC OLltpLlt Of tilC

comparator is “ l”, otbcrwisc  it ootpots 1}0 cLlr[cat.

Tile basic builciing block of ti~csc  components is ti~c
curl-crlt copier CcIl. “l”hc principle of a curr-cnt copier
cell, also called a dynamic currcl~t mirror, is shown in
frgarc 10. A sin~lc transistor Ml,) is combined with 3

switches Sx,  Sy,  auci S~, that arc irnpicmcnleci  by

mca I)s of aciditionnl transistors, ar~d a capacitor [~. It]
the first pi]asc  (pi]ase O), Mill opcr[ites a s  t h e  input

device’of a mirror, with its gate and drain conncctcci
to ti]c input current source. Wilcn  cquilibriLrm i s
rcac.ilccl,  capacitor (~ at the gate is charged to ti~c p,atc
voltngc V rcqLIired  to obtain 11, : 10. “1’he value of 10

is thus storcci  as a volta:,c  across C. la the second
pi]asc  (phase 1), Ml]] operates as the output clcvicc of

a  tnirtor,  with  i ts  (irain clisconncctcci f[om tile p,atc
and cor]aectcci  to the output no~ic. It sink+ an output
corrcrlt 11, that is controlled by the same p,atc voltage

V and t}lLls is equal to 10.

I co!,lpar<,lor
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integrating phases: for the first loop

< If’ i . >< IF’i+ ,-
>

for the second loop

<
l Pi - ><”

[Pi+,.  >

Figure 11.  .Yigma 6+I1o  (iming

4.2 Operation

“1’hc de.tailed operation of the converter based on tbc block
dirrsgram in fig,clrc 12 is as follows: ltach inte~ration period
coJ]sists of 4 phases (figure  1 1). l]hasc  1 is used to sample
the inplJt ctJrrcJ~t.  For the first intcg,ration period “i”, the
rcgislcJ- iJl the first integrator is zero. Thus, cluring, phase 1
only the input ctJrmlt  is nlemorimd  at iJ~tcg,ratoJ//  1‘s
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SUJll Jlli JIC?, CLJJ”J’Cllt  Copier. l) LJring phase 2, the output of the sulnrncr is copied to intcgratorl~ 1‘s rc~isler. l’base 3 is used to
coJnpare the suJnJ~liJlg,  curJcnt copier to the reference curJent. If this copier cell clJrrcrlt is gt-eater than the refcrencc, al is a
“ 1”. in phase  4 the output of tbc iJ)tc~,r’atorf/ 1‘s register is Jliclnorimd  by inte~,rtitor//2’s surnn~iJ~g  cur[cJ)l copier. If al is a
“l” the refereJlce  curr’etJt is stJbtractcc]  from the outplJt of the first integrator’s rcg,istcr. I) LJrirl~, the bcg,iJlniJlg of intcg,tation
pcJ’iod “i-l ]” S(aJ”Lil]g  With pbaSC  1, irltccyator//  ] mcmori?es the suln of the oLJtput  of itS register and the i[)pllt clJrr’cnt.  If al is
a “l” the refcrcJlce  cLlrrcJlt is also sLJbtracteci  from this sLInl.

‘1’hc tin~iJ~p, for the scconci  iJ~tc~,lrator  is the same as the tltst  i!ltcgmtor  except the above operations are offset by one phase.
I Mring  phase  1 (following the phase 4 cycle during which iJitcgtatorll  1‘s re~,istcr oLJtput  w:ts mcmorim)  tbc cuJ-rent from
intcgratorl/2’s  suln JniJlg curlent  copier is copied to intcp,ratoil/2’s register. I)urin:,  phase 2, the comparison takes place
bctwecJl the slJnlrniJlg, clJrrcrlt Copier arlci tile rcfercrlce  clJJlc’nt, No events occur dLlring  p}lase 3. l)ur’iJl~  the be~inJ~il):,  of the

next inte:,tation pcriocl for the second intcp,rator startinq, with phase 4, the stJJnJning  copier Jucrnori7es  the sum of the Output
of its rcp,istcl”  and the oLltput  of intc~,rator// \‘s re~, ister. i n  aclciilioll, t h e  refCrCtlCC ctJrr’cJlt iS subtIactcci if tile oLJtput  o f  t h e

coJnparisorl  dtJritJg  phase  ~ w a s  rcsu]ted iJl b, eqLJal  to “ I”.

~’ilc expressions for twc) integrator’s sunlrninr, cut-rcJlt copier cells at the end of “p” integration cycles arc:
/,- I

/>, [/),3]=  )).1,,, - ~[1, I,<f

At the cncl of p intcg,ration cycles the ciig,ital reprcscnMtioJi of the signs delta output is detcmincci  by:

p 1 [)- I

DN: ~aj(p-  i)-i ~b,
;= I ,.2

“]’hc dip,ital filter coJlsisting  of a coLJJ~tcr aJlcl acculnLJlator is uscci to geJleratc  the digital rlLJrnbcr. ‘1’hc relationship betwecJ]

resolution of the  AIX and rllJJllbcr  of iJ]tcg,ratioJl  cycles p (number of times the input current  is sarnplecl)  is shc)ivr) itl tabic 1.
‘1’hc digital filtm for the test c}lip was in~plenleJltcci c) ff-chii).
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4.3 Test results

l’he Al)~ was !ested using a computer controlled current source and the
m\tpLlt data from the off-chip ciigital filter was read by the computer clata
acquisition board. The input cLlrrer~t  ramp corlsisted of 4096 steps of 4nA
each. At cacb  inpLlt step 20 samples were acquired. “l’he IX: culrent bias was
40 PA. ‘l’he transfer curve is shown in figure 13.

‘1’hc 12 bit AIK cotlsumed a total of 800 pW when opcrat in~: at a 5 K} 1~
corlvcrsiorl r[itc. lrom differential  r lor]- l inearity mcasL]rcrrier~ts  the accuracy

oftbc AIX is 10 bits.
=1---reso lut ion (oversa!npling

n (bits) rat io)

6 12 -—. —
7 - ‘ - 17 -..

“% 24
9 33——...

’10 4 6
II 65 ““”-

5. S[JMiMARY

(:olulun  parallel  at-chitecturcs  of (MOS active pixel s e n s o r s  r e q u i r e  low p o w e r  c o m p a c t  at~alc)g-tc~-clig,  ital c o n v e r t e r s .  Iwo

types of successive approximation AIX cicsig,ns and a current mode sigma delta AIX: dcsiga for integration into ~M(H
active pixel sensors were clcrnonstratcd. “]’able 2 lists tllcir characteristics l’or volta~,c mode AI’S  scr~sors, the 8 bit

sLrc.ccssivc  approximation AIX using binary scaled capacitors achieves the bipjhest speccl ayd accuracy. ‘Ibis  AIX’S rlcw
feature of using dual capacitor banks  to achieve hig,h speed ct~ablcs the development ofhip,h  frame rate sensors. The culrerlt
mode sigma delta convcrtcr  has the hig$cst accLiracy of the AIX desigws. lts illhcrcnt  tcJbLlstr)ess  makes it ideal for
application in hip,h accLl racy ~.MOS ima?,c sensors.
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R-&_o-lutiol;”-- Accuracy
-.

conversicm power
Llnits= Ilits units= //1,S11s rate dissipation~, <C. .=,; . . . . . –  - - -  –.-. ~)N1:+ ,Ni;+ ~(jl<i;” K} Iy, ;Lw ‘- six

op-amp S.A. 8 3 6.5 2 50 175 20.4 }Ln) x 1.94 m m
8 3 5.9” ?.9 “ 1o”- 134 –

:’{:-:

(iviih~;]t  shifl  reg.) ____—— .  .—
8 2 s ?,?~ ‘“– ]0

.- .–..-. g _ _ _ _ _ _ _ ..;o..Fz;.2T;1;. . . . . . . .
bi;a~;cared 8 5 3.5 I .9 ‘“ ‘-” 500—.—. .—. - ---- .— - —-.——
capacitor S.A. 8 “ 4* 5* 21*

.——. —
833 55_ _ _ _ _ ———z. . . . -— . . .——..

camnt mode 12 2 10 2,5 5 800 8opIllx3.6mm ‘-
incmncntal  X-A

*  removingsclected  non-l  incardata  points

+ units arc-l/-
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